The kinetics of accumulation (per milliliter of culture) of the a-and fisubunits, associated with chloroplast-localized ammonium inducible nicotinamide adenine dinucleotide phosphate-specific glutamate dehydrogenase (NADP-GDH) isoenzymes, were measured during a 3 hour induction of synchronized daughter cells of Chlorella sorokiniana in 29 millimolar ammonium medium under photoautotrophic conditions. The i-subunit holoenzyme(s) accumulated in a linear manner for 3 hours without an apparent induction lag. A 40 minute induction lag preceded the accumulation of the a-subunit holoenzyme(s). After 120 minutes, the a-subunit ceased accumulating and thereafter remained at a constant level (i.e. steady state between synthesis and degradation). From pulsechase experiments, using 3"SO4 and immunochemical procedures, the rate of synthesis of the a-subunit was shown to be greater than the #-subunit during the first 80 minutes of induction. The a-and ,8-subunits had different rates of degradation during the induction period (t½1 = 50 versus 150 minutes, respectively) and during the deinduction period (t½ = 5 versus 13.5 minutes) after removal of ammonium from the culture. During deinduction, total NADP-GDH activity decreased with a halftime of 9 minutes. Cycloheximide completely inhibited the synthesis and degradation of both subunits. A model for regulation of expression of the NADP-GDH gene was proposed.
53,000, respectively). These a-and ,B-isoenzymes were purified to homogeneity. The a-and ,8-subunits were shown to have very similar peptide maps and precursor proteins of identical mol wt (Mr = 58,500).
Although these subunits were shown to have similar chemical, physical, and antigenic properties, their respective holoenzymes were observed to have strikingly different ammonium K,m values.
The ammonium K,n of the fl-isoenzyme remained at 75 mM, whereas the ammonium Km of the a-isoenzyme ranged from 0.02 to 3.5 mm, depending on the NADPH concentration. Because of the observed (1, 17) rapid loss in total glutamine synthetase activity, when Chlorella cells are transferred to ammonium medium, the a-and fl-isoenzymes of NADP-GDH presumably play major roles in nitrogen assimilation at low and high ammonium levels, respectively. Tischner (16) used an enzyme kinetic approach to show that extracts, from C. sorokiniana cells cultured in 5 mm ammonium medium, contained forms of NADP-GDH with high and low affinities for ammonium. These forms probably correspond to the a-and fl-isoenzymes purified and characterized by Bascomb and Schmidt (2) .
Although Bascomb and Schmidt (2) defined cultural conditions under which only the a-or fl-isoenzyme would accumulate, Prunkard et al. (10) examined a number of cultural conditions (i.e. light versus dark; autotrophic versus heterotrophic) in which these isoenzymes were induced together. In these experiments (10) , the relative concentrations of the a-and ,8-subunits in the NADP-GDH holoenzymes were estimated by use of a Western blot/immunodetection procedure after SDS-PAGE. A constant amount of total cellular protein from each harvest time was loaded into the wells of the gels. Therefore, the concentration (i.e. band intensity) of each subunit was actually expressed on the basis of a constant amount of total cellular protein at each harvest time.
When uninduced synchronized daughter cells were placed into 29 mm ammonium medium in continuous light under autotrophic conditions, the concentration of both isoenzymes increased during the first 2 h ofthe induction period (10) . However, after 2 h, the concentration of the ,B-isoenzyme continued to increase, whereas the a-isoenzyme decreased in concentration and was barely detectable by the 6th h of the induction period. Because total cellular protein accumulates continuously throughout most of the cell cycle of C. sorokiniana (6, 21, 23) , the decrease in concentration (as percent of total cellular protein) of the a-isoenzyme after the 2nd h of induction could have been the result of (a) the level of the a-isoenzyme per cell increasing at a slower rate than the rate of increase in total cellular protein, (b) the cessation of accumulation of this isoenzyme and its subsequent dilution by the continuous accumulation of other cellular proteins, or (c) a net loss of the a-isoenzyme per cell due to enzyme degradation. Thus, when enzyme concentration is expressed on the basis of a cellular parameter which increases continuously, it is difficult to interpret induction patterns, particularly if decreases in concentration of an enzyme are observed.
The objectives of the research in the present paper were to compare the kinetics of accumulation of total NADP-GDH activity and the accumulation (per ml of culture or per cell) of the a-and (3-isoenzyme antigens, and to use radioactive sulfate in pulse-chase labeling experiments to estimate the rates of synthesis and degradation of these isoenzymes during induction of cells in 29 mm ammonium medium in continuous light under autotrophic conditions.
The results described herein indicate that, whereas the aisoenzyme antigen increased in a single-step pattern (expressed on a per ml of culture or per cell basis), the (3-isoenzyme antigen increased in a continuous manner essentially from the time of addition of inducer. Total NADP-GDH activity paralleled the pattern of accumulation of the a-isoenzyme during the early part of the induction period at which time the,B-isoenzyme appeared to be inactive. As determined in pulse-chase studies, the a-and ,B-isoenzymes have different rates of degradation during both induction and deinduction periods.
MATERIALS AND METHODS
Materials. All chemicals and materials were obtained from the suppliers described earlier (10, 20, 24) .
Organism and Growth Conditions. The cells were cultured and synchronized exactly as described by Prunkard et al. (10) . The nitrate and ammonium media contained 29 mm KNO3 or 29 mM NH4CI, respectively. During induction experiments with synchronized cells in continuous light, the culture turbidity was held constant by continuous dilution with fresh equilibrated (2% C02-air, 38.5C) culture medium. Before plotting, the data from these experiments were corrected for dilution as described by Schmidt (12) .
Assays for NADP-GDH Activity and a-and,B-Subunit Antigens. Total NADP-GDH activity was measured spectrophotometrically as described by Talley et al. (15) and Prunkard et al. (10) . To measure the amounts of the a-and (3-subunit antigens, associated with their respective holoenzymes, the proteins in cell homogenates were separated by SDS-PAGE, and electrophoretically transferred to nitrocellulose membranes as described by Prunkard et al. (10) . was prepared and scanned with a laser densitometer as described earlier in this paper. To measure 35S-incorporation into total NADP-GDH antigen, the radioactivity in the immunoprecipitates was measured directly (without SDS-PAGE) by use of a liquid scintillation counter as described earlier (4).
RESULTS AND DISCUSSION Induction Patterns of NADP-GDH Activity and a-and (3-Subunit Antigens per ml of Culture. The kinetics ofaccumulation of the a-and (3-subunits in NADP-GDH holoenzymes were measured during a 3 h induction of synchronized daughter cells of Chlorella sorokiniana in 29 mm ammonium medium. These kinetic data were expressed on a per ml of culture basis. Because the cell number per ml of culture remained constant during the induction period, the induction patterns would be identical when expressed on either a per ml of culture or per cell basis.
After the addition of ammonium to the uninduced cells, the (-subunit accumulated without an apparent induction lag ( Fig.   1 ). This subunit accumulated in a linear manner throughout the 3 h induction period. In contrast, the a-subunit began to accumulate only after approximately a 40 min induction lag. The asubunit accumulated until the 2nd h of the induction period, and then ceased to accumulate thereafter. Because the a-subunit ceased accumulating and remained at a constant level per cell after the 2nd h, it became a decreasing smaller percentage of the total cellular protein as the induction period proceeded.
A comparison of the pattern of accumulation of total NADP-GDH catalytic activity, with the antigen patterns for the a-and (3-subunits, resulted in an interesting finding ( (Fig. 1) . Thus, unless the a-subunit was being modified to become increasingly more catalytically active after cessation of its accumulation, the continuous increase in total NADP-GDH activity after the 2nd h was due to accumulation of the p-subunit. Synthesis and Degradation of Total NADP-GDH Antigen during Induction and Deinduction Periods. Pulse-chase experiments were performed to measure (a) the rate of incorporation of 35S into total NADP-GDH antigen and into a-and 13-subunits during a 90 min pulse-period with radioactive sulfate, and (b) the loss of 35S from these antigens during a subsequent chaseperiod in which the radioactive sulfate was replaced with an excess of nonradioactive sulfate.
During the 3 h pulse-chase period in the presence of ammonium, total NADP-GDH activity accumulated in a linear manner following a 40 min induction lag ( Fig. 2A) . After 90 min into the chase period, ammonium was removed from the culture and a rapid loss (t., = 9 min) in NADP-GDH activity was observed during the subsequent 60 min deinduction period ( Fig.   2A ).
During the 90 min chase-period in the presence ofammonium, a rapid loss (t,. = 80 min) in radioactivity from total NADP-GDH antigen was observed ( Fig. 2B ; also see inset semi-logarith- The labeling period was followed by a chase period (i.e. replacement of 35SO4 with nonradioactive sulfate) for 90 min in the presence of ammonium and for 60 min after removal of ammonium from the culture medium. A, Pattern of total NADP-GDH activity assayed spectrophotometrically in cell homogenates; B, pattern of radioactivity in total NADP-GDH antigen measured after indirect immunoprecipitation of the antigen from cell homogenates. The inset is a semilogarithmic plot showing the loss of radioactivity from total NADP-GDH antigen during the chase period in the presence and after removal of ammonium. The zero time on the inset plot corresponds to 90 min on the main figure. From the semilogarithmic plot, the half-life oftotal antigen was estimated to be 80 min and 9 min during the induction and deinduction periods, respectively. mic plot). The rapid loss in radioactive antigen, accompanied by the continuous increase in enzyme activity, indicates that the NADP-GDH was undergoing rapid degradation even during its induced accumulation by ammonium. After removal of ammo-nium from the culture medium ( Fig. 2B and inset) , the rate of degradation of total NADP-GDH antigen increased almost 10-fold (t,. = 9 min). Thus, the rates of loss in total NADP-GDH activity and antigen were identical (t* = 9 min) during the deinduction period.
As also observed earlier by Bascomb et al. (4) and Turner et al. (20) , the incorporation of 35S into total NADP-GDH antigen occurred without an apparent induction lag (Fig. 2B) . The earlier studies indicated that uninduced cells contain NADP-GDH mRNA and that NADP-GDH antigen is synthesized and rapidly degraded so that enzyme antigen does not accumulate in uninduced cells (4, 20) . The absence of the induction lag in accumulation of NADP-GDH antigen was proposed to result from posttranslational stabilization of NADP-GDH antigen being synthesized from a high basal level of NADP-GDH mRNA present in uninduced cells (13, 20) .
Although the induction patterns of total NADP-GDH antigen and activity were identical to those observed earlier (4), approximately five times (i.e. 60 versus 300 munits/3 h) more NADP-GDH activity/antigen was induced per ml of culture (i.e. same cell number) in the present experiment. This higher rate of induction of activity/antigen has been attributed to supplementation of the culture medium with three additional micronutrients (i.e. Ni, Sn, V) and filter sterilization rather than steam sterilization of the medium (10) .
These medium modifications have also resulted in a major change in the pattern of degradation of NADP-GDH antigen during the deinduction period (Fig. 2B) . Bascomb et al. (4, 13) observed that removal of ammonium from fully induced cells resulted in a rapid loss of NADP-GDH activity (t*, = 5-10 min); however, the rate of degradation of NADP-GDH antigen did not change (i.e. tI,, remained constant at 80 min) during the deinduction period. These workers obtained evidence that removal of ammonium resulted in rapid inactivation of the enzyme coupled with the covalent linkage of the subunits to form inactive dimers. The degradation of these dimers appeared to be the rate-limiting step in degradation of total NADP-GDH antigen. In contrast, in the present study, the loss in NADP-GDH activity during the deinduction period was paralleled by a coincident loss in enzyme antigen (Fig. 2, A and B) . Furthermore, by use of the same SDS-PAGE procedure described by Bascomb et al. (4) , the dimer of NADP-GDH subunits could not be detected. The apparent absence of the dimers in the present study could mean that modification of the culture medium altered the metabolism of the cells, resulting in a change in the position of the rate-limiting step in the degradation of total NADP-GDH antigen. Bascomb and Schmidt (unpublished data) have recently developed an ATP and Ca2' dependent cell-free system for the in vitro inactivation and degradation of the NADP-GDH. During in vitro inactivation/degradation, the putative dimer accumulated in extracts prepared from cells cultured in the original medium (4); however, formation of the dimer could not be detected in extracts prepared from cells cultured in the modified medium (10) .
Synthesis and Degradation of a-and (3-Subunit Antigens during Induction and Deinduction Periods. Radioactive sulfate was used in pulse-chase experiments to measure the rates of synthesis and degradation of the a-and (3-subunits in their respective holoenzymes during induction and deinduction periods. During induction of cells in continuous light and 29 mM ammonium medium, the incorporation of 35S into the (3-subunit occurred from the onset of the induction period (Fig. 3) . However, there was approximately a 20 min lag period before 35S incorporation into the a-subunit could be detected. Based on the rates of incorporation of "5S into these two NADP-GDH antigens, the rate of synthesis of the a-subunit was higher than that of (-subunit during the 90 min pulse period. In fact, although an initial lag of 20 min was observed before "5S was detected in the a-subunit, approximately the same amount of radioactivity had been incorporated into both subunits by 90 min. During the chase and deinduction periods, beginning at 90 min and 3 h, respectively, the loss of radioactivity from the two subunits occurred at different rates (Fig. 3, inset) . The half-lives of the a-and (3-subunits during the induction and deinduction periods were 50 and 150 min, and 5.0 and 13.5 min, respectively.
When the half-lives of the a-and (3-subunits (Fig. 3) were compared with the patterns of accumulation of these subunits (Fig. 1) , it was apparent that a steady state existed between synthesis and degradation of the a-subunit after the 2nd h of the induction period. Since the rate of degradation of the a-subunit appeared to be constant during the 3 h induction period, the cessation of accumulation of this subunit was probably due to a decrease in its rate of synthesis. To determine whether the a-subunit can be converted to the 3-subunit in vivo, pulse-chase experiments were performed with radioactive sulfate and the protein synthesis inhibitor, cycloheximide. Two identical cultures were induced in continuous light in 29 mm ammonium medium containing radioactive sulfate. After 80 min of induction, the radioactive sulfate was removed in the presence of radioactive sulfate for 80 min, and at this time the radioactive sulfate was removed and replaced with nonradioactive sulfate to initiate the subsequent 60 mm chase-period in the presence of ammonium. To one of the cultures, 25 tg/ml cycloheximide were added at the beginning of the chase period. Whereas radioactivity inenzyme antigen was monitored for only 60 mn into the chase period, enzyme activity measurements were made for 100 mi after initiation of the chase-periodA Ptrns of total NADP-GDH activity in the control (0) and cycloheximide-treated (-) cultures were measured by use of a spectrophotometric assay; B, patterns of radioactivity in total NADP-GDH antigen in the control (0) and cycloheximide-treated (-) cultures.
The radioactivity was measured aRfer indirect immunoprecipitation of total antigen from cell homogenates.
from both cultures and replaced with nonradioactive sulfate to begin the chase period. To one of these cultures, cycloheximide was added at the beginning of the chase period to prevent further protein synthesis. A comparison of the induction patterns for total NADP-GDH activity in the control and cycloheximidetreated cultures is shown in Figure 4A . An induction lag of approximately 40 min was observed for both cultures and then enzyme activity increased in a linear manner. Shortly after the addition of cycloheximide to the culture, a cessation in accumulation of NADP-GDH activity was observed. Identical linear patterns of incorporation of 35S into total NADP-GDH antigen were observed for the 80 min pulse-labeling period in the control and cycloheximide-treated cultures (Fig.  4B) . The incorporation of 35S into total NADP-GDH antigen appeared to occur without an induction lag. During the chase period, total NADP-GDH antigen in the control culture was degraded with a half-time of 80 min. In the cycloheximidetreated culture, total NADP-GDH antigen showed no loss in radioactivity, indicating that cycloheximide completely inhibited the degradation of this enzyme. Cycloheximide does not significantly inhibit the rate of degradation of other enzymes (22) in this organism.
The incorporation of 35S into the (3-subunit appeared to begin at the time of addition of ammonium to the culture, whereas incorporation of radioactivity into the a-subunit was observed only after a 30 min lag-period (Fig. 5) . By 80 min, the a-and (-subunits contained nearly equal amounts of 35S. The increase in total NADP-GDH activity was essentially coincident with the pattern of incorporation of 35S into the a-subunit, providing further evidence that the holoenzyme containing the (3-subunit was initially inactive or only partially active and the increase in NADP-GDH activity was due primarily to the accumulation of the a-holoenzyme during the first 80 min ofthe induction period (Fig. 5) .
The incorporation of 35S into the a-and (-subunits was totally inhibited shortly after the addition of cycloheximide to the culture (Fig. 5) . Moreover, the addition of the inhibitor at the beginning of the chase-period stopped the normal degradation 60 80 MINUTES FIG. 5. Effect of 25 ug/ml cycloheximide on the accumulation of total NADP-GDH activity and on the synthesis and degradation of NADP-GDH a-and ,B-subunit antigens during a pulse-chase experiment in continuous light in which 29 mM ammonium was added to uninduced synchronized daughter cells of C. sorokiniana to initiate the induction period. The experimental protocol was exactly as described in Figure 4 . Total NADP-GDH activity (A---A) was quantified by spectrophotometric analysis. The a-subunit (0) and (3-subunit (0) antigens were quantified as described in Figure 3 .
of the a-and p-subunits. Because cycloheximide prevented degradation of these subunits, it is possible that the inhibitor also might have affected a proteolytic cleavage event required to convert the a-subunit to the :-subunit. Therefore, the results of this pulse-chase experiment were equivocal as to the possible conversion of the a-subunit to the ,8-subunit.
Israel et al. (6) showed, in an earlier study performed in vivo, that the addition of cycloheximide, at the time of removal of ammonium from the culture, blocked the loss of NADP-GDH activity. In contrast, it was shown that once the loss of NADP-GDH activity began, during a deinduction period, the addition cycloheximide no longer blocked the loss in enzyme activity. The observations made by Israel et al. (6, 7) , and the results in the present paper, suggest that a stabilizing metabolite (e.g. an amino acid), utilized during protein synthesis, might protect the NADP-GDH from degradation. When (2, 3, 10, 11, 13, 20) from this laboratory, have been summarized and formulated into a working model/hypothesis for the regulation of expression of the gene(s) encoding the NADP-GDH isoenzymes in C. sorokiniana (Fig. 6) .
C. sorokiniana NADP-GDH mRNA has been shown to be translated in vivo in the cytosol ( 11) on polysomes contain 15 to 20 cycloheximide-sensitive ribosomes (20) , suggesting that the NADP-GDH isoenzymes are encoded in nuclear gene(s). In vitro translation of the purified NADP-GDH mRNA produces a precursor-protein with a mol wt of 58,500 (3). The same size precursor-protein is synthesized in vitro by poly(A)+RNA isolated from cells accumulating a-and (3-isoenzymes or only the (3- isoenzyme (2, 1 1). Cell extracts from C. sorokiniana have been shown (2) to process in vitro the 58,500 D precursor-protein(s) to a-or ,8-subunits with mol wt of 55,500 and 53,000, respectively. The a-and (3-subunits have been shown to be in active holoenzymes (homopolymers) localized in the chloroplast (2, 11) . Because the specific activity of glutamine synthetase has observed to decrease to low levels in Chlorella cells cultured in ammonium medium (1, 17) , the a-and (3-isoenzymes are proposed to function in nitrogen assimilation in cells growing in the presence of exogenous ammonium. Only the a-isoenzyme has been shown to accumulate in the chloroplast of cells cultured in medium containing a low concentration (1 mM) of ammonium (2) . During long-term induction of cells in a medium containing a high concentration (29 mM) of ammonium only the ,B-isoenzyme accumulates (2, 10) . The a-isoenzyme has a high affinity for ammonium (Km ranges from 0.02-3.5 mM). This isoenzyme is an allosteric enzyme in that its Km for ammonium changes with NADPH concentration (2) . The (3-isoenzyme (2, 5) IG. 6. Diagram of model for regulation of activity, synthesis, and degradation of a-and f,-isoenzymes of NADP-GDH in C. sorokiniana. Ammonium-inducible nuclear gene(s) code for the a-and ,B-subunits. The NADP-GDH mRNA(s) is/are translated, in the cytosol on 80S ribosomes, into precursor-protein(s) with a mol wt of 58,500. The precursor-protein(s) contain a leader sequence (i.e. transit peptide) that targets the precursor-protein(s) into the chloroplast where processing by soluble chloroplastic-protease(s) form either the a-subunit (Mr = 55,500) or the ,B-subunit (Mr = 53,000). The nitrogen nutritional status of the cell regulates either the sequence of the precursor-protein(s) or the specificity or type of processing-protease so that specific peptide bonds are cleaved in the leader sequence under different cultural conditions. Low and high exogenous ammonium levels favor formation ofhexameric a-and #-subunit holoenzymes (homopolymers) that have high and low affinities for ammonium, respectively. The a-isoenzyme is an allosteric enzyme in that its Km for ammonium varies (i.e. 0.02-3.5 mM), depending upon the concentration of NADPH. The a-subunit isoenzyme is catalytically active shortly after its synthesis; however, the a-subunit in its holoenzyme requires posttranslational modification before it has full catalytic activity. Enzyme degradation plays an important role in regulation of the levels of the a-and , 8- (2, 5) . However, whereas the a-isoenzyme appears to be catalytically active shortly after its synthesis, the (3-isoenzyme appears to be inactive or only slightly active for 60 to 80 min
